Intracranial microdialysis has made multiple seminal contributions to our knowledge of the neurochemistry of the living brain.^[@ref1]−[@ref14]^ The benefits and power of microdialysis for intracranial chemical monitoring, which are well-known and have been reviewed often,^[@ref15]−[@ref23]^ stem from the efforts of many laboratories to refine both the microdialysis probes and the instrumental methods used to analyze dialysate samples.^[@ref24]−[@ref29]^ There has been tremendous progress, for example, in lowering the detection limits for key substances, including neurotransmitters, which has in turn reduced sampling times and increased temporal resolution.^[@ref30]−[@ref34]^ Here, we wish to contribute to this ongoing refinement effort by focusing attention on what happens when the probes are implanted into brain tissue.

Typical microdialysis probes, those in widespread use, have diameters of at least 250 μm.^[@ref23],[@ref35]−[@ref37]^ Implanting these into the brain causes tissue damage, which in turn triggers a wound response.^[@ref38]−[@ref50]^ The wound response involves a cascade of events, some of which begin right away and some of which develop over the course of several days. Microglial cells respond within minutes to focal brain injury, whereas astrocytes respond later.^[@ref51],[@ref52]^ Astrocytes form a scar around microdialysis probe tracks by 5 days postimplantation.^[@ref41]^ Probe implantation also causes ischemia, disruption of the blood-brain barrier, and neuron loss.^[@ref40]−[@ref43]^ Neurochemical instability over the postimplantation intervals has been reported as well.^[@ref35],[@ref37],[@ref53]−[@ref58]^ Even so, the dialysate content of neurotransmitters exhibits sensitivity to tetrodotoxin,^[@ref2]^ responds predictably to various drugs,^[@ref28],[@ref59]−[@ref61]^ and correlates with behaviors.^[@ref4],[@ref7],[@ref17],[@ref19],[@ref62]^ These observations show that microdialysis provides valid and useful indices of neurochemical activity. Nevertheless, evidence of neurochemical instability over the postimplantation time window has been a long-standing issue in the field.

We hypothesize that mitigating disruption of the tissue near the probes would continue the refinement of intracranial microdialysis. To date, we have obtained encouraging results from the retrodialysis of dexamethasone (DEX), an anti-inflammatory drug, and XJB-5-131 (XJB), a novel scavenger of reactive oxygen species.^[@ref43]^ During acute experiments conducted 2--4 h after implanting microdialysis probes, both DEX and XJB diminished the loss in amplitude of evoked dopamine (DA) responses measured by fast-scan cyclic voltammetry (FSCV). Histochemical studies provide clear indications that DEX and XJB offer anti-inflammatory protection of the tissues surrounding the probes. Without DEX or XJB, the probes cause ischemia, disrupt endothelial cells, activate both astrocytes and microglia, and cause a loss in both neurons and axons near the probe tracks.^[@ref43]^ DEX was slightly more effective than XJB.^[@ref43]^ DEX retrodialysis for 5 days prevented the formation of a glial scar.^[@ref41]^

We implanted microdialysis probes in the rat striatum for 4 and 24 h, both with and without DEX in the perfusion fluid, and then measured evoked DA release next to and at the outlet of the probes with FSCV. We report here for the first time that DEX significantly diminishes the loss in amplitude of evoked responses measured in the tissue next to the probe both at 4 and 24 h after implanting the probes. Responses at the probe outlet were below the detection limits of FSCV unless animals were treated with the DA uptake inhibitor, nomifensine, which increases the microdialysis recovery of evoked dopamine transients.^[@ref59],[@ref63],[@ref64]^ When probes were perfused without DEX, post-nomifensine responses at the probe outlet exhibited a significant decline in amplitude between 4 and 24 h postimplantation. However, DEX abolished this instability, both in animals treated first with nomifensine and then with raclopride. Thus, we report here for the first time that DEX stabilizes, but does not alter, evoked dopamine responses at the outlet of microdialysis probes. Surprisingly, DEX had no significant effect on two key tissue markers for dopamine terminals, tyrosine hydroxylase (TH) and the dopamine transporter (DAT): 24 h after probe implantation, these markers were not significantly different than that for control, nonimplanted tissues. We therefore attribute DEX's effects on evoked dopamine responses next to and at the outlet of microdialysis probes to its anti-inflammatory actions, as opposed to any direct actions on dopamine terminals. Finally, we report for the first time that the penetration of DEX into the tissue near the probe is extremely limited. Fluorescein-labeled DEX was found no further than 80 μm from its delivery probe. Moreover, DEX failed to abolish gliosis near a second probe placed 2 mm from the probe with DEX. We therefore conclude that DEX's anti-inflammatory actions are tightly confined to the immediate, local vicinity of the probe.

Results and Discussion {#sec2}
======================

Characteristics of Evoked DA Release in the Rat Striatum {#sec2.1}
--------------------------------------------------------

Electrical stimulation of DA axons in the medial forebrain bundle (MFB) evokes DA release in the ipsilateral striatum, which is easily measurable by FSCV (Figure [1](#fig1){ref-type="fig"}a).^[@ref65]−[@ref68]^ We measured evoked dopamine responses both in the absence of microdialysis probes and with microelectrodes aimed 70--100 μm (E1) and 1 mm (E2) from the probes ([Figure S1, Supporting Information](#notes-3){ref-type="notes"}). In the absence of a microdialysis probe, there is no significant difference in the amplitude of evoked responses (45 Hz, 300 μA, 25 s) measured at the E1 and E2 locations (Figures [1](#fig1){ref-type="fig"}a and [2](#fig2){ref-type="fig"}). The 24 h sham control surgery (see [Methods](#sec4){ref-type="other"}) had no significant effect on the response amplitudes measured at E1 ([Figure S2](#notes-3){ref-type="notes"}).

![Evoked responses observed at the E1 (red) and E2 (blue) locations (a) with no microdialysis probe (*n* = 5), (b) after 24 h perfusion with aCSF (*n* = 6), and (c) after 24 h perfusion with DEX (*n* = 6). The solid lines are the averages of the responses and the dotted lines are the SEMs. Black diamonds show when the stimulus begins and ends (see Figure [2](#fig2){ref-type="fig"} for statistics).](cn-2014-00257x_0002){#fig1}

![Summary of the amplitude of evoked responses (average ± SEM) at the E1 (red) and E2 (blue) locations without microdialysis probes (*n* = 5) and 24 h after probes were implanted and perfused with DEX (*n* = 6). The evoked response at the E1 location after perfusion with aCSF was nondetectable, so the aCSF results were excluded from the statistical analysis. Statistical analysis was performed by two-way ANOVA with location (E1, E2, repeated measure) and probe (no probe, probe with DEX) as the factors. Location is not a significant factor (*F*(1,9) = 1.99, *p* \> 0.05). Probe is a significant factor (*F*(1,9) = 9.08, *p* \< 0.05). Interaction between factors is significant (*F*(1,9) = 8.91, *p* \< 0.05). Post hoc pairwise comparisons with Bonferroni corrections showed that in the presence of DEX the response amplitude at the E1 location is significantly smaller compared to the amplitude at E1 with no probe (\*\*\**p* \< 0.0005) and compared to the amplitude at E2 (\**p* \< 0.05). A separate one-sample *t* test shows that the response amplitude at E1 after 24 h of perfusion with DEX was significantly elevated above zero *t*(5) = 3.33, *p* \< 0.05 (aCSF group).](cn-2014-00257x_0003){#fig2}

Voltammetry Next to the Probes {#sec2.2}
------------------------------

We report here for the first time that evoked responses at the E1 location are abolished 24 h after implantation of microdialysis probes perfused with aCSF (Figure [1](#fig1){ref-type="fig"}b, red line). This extends our prior acute study,^[@ref43]^ which showed that evoked responses were abolished 4 h after probe implantation. Together, these findings support previous evidence of neurochemical disruption of the tissue near probes over the 4--24 h postimplant interval,^[@ref57],[@ref58]^ when most microdialysis studies are performed.^[@ref2],[@ref23],[@ref25],[@ref33]^

We report here for the first time that retrodialysis of DEX for 24 h diminishes, but does not eliminate, the loss in amplitude of evoked responses at the E1 location (Figure [1](#fig1){ref-type="fig"}c, red line). Evoked responses at the E1 location were significantly elevated compared to zero response, although they were significantly smaller than the responses at the E2 location (Figure [2](#fig2){ref-type="fig"}, statistics reported in the figure legend). In the presence of DEX, there was no significant difference in the response amplitude at the E2 location compared to that observed in the absence of a probe (Figure [2](#fig2){ref-type="fig"}). Thus, DEX offers partial protection of evoked responses at the E1 location without affecting the responses at the E2 location. The lack of significant effects at the E2 location suggests that the tissue disruption is confined to the tissue in close proximity to the probe.

DA reuptake affects the in vivo microdialysis recovery of DA.^[@ref46],[@ref63],[@ref64]^ Therefore, it is of interest to know how inhibition of the DA transporter (DAT) affects evoked DA responses next to the probes. Consistent with numerous reports in the absence of microdialysis probes,^[@ref69]−[@ref73]^ nomifensine (20 mg/kg i.p.) increased the amplitude of evoked DA responses at the E1 location 24 h after implanting the probes (Figure [3](#fig3){ref-type="fig"}, green lines). In the case of probes perfused with aCSF, nomifensine elevated the evoked response from below to above the detection limit of FSCV (Figure [3](#fig3){ref-type="fig"}).

![Nomifensine increases the amplitude of evoked responses at the E1 location (green = post-nomifensine, red = pre-nomifensine, responses in red are from Figure [2](#fig2){ref-type="fig"}; solid lines = response averages, dotted lines = SEMs, *n* = 6 per group; black diamonds indicate where the stimulus begins and ends).](cn-2014-00257x_0004){#fig3}

When probes were perfused for 4 or 24 h without DEX, evoked DA responses at the E1 location were nondetectable (Figure [4](#fig4){ref-type="fig"}a). Therefore, we must rely on responses measured in nomifensine-treated animals to compare the effects of DEX at 4 and 24 h postimplantation (Figure [4](#fig4){ref-type="fig"}b). Statistical analysis was by two-way ANOVA (details in the figure legend) with time (4 h, 24 h) and perfusion condition (aCSF, DEX) as factors with posthoc tests. The perfusion condition, but not time, was a significant factor (interaction was not significant). Thus, DEX significantly affected the response amplitudes and those amplitudes were stable between 4 and 24 h post implantation.

![Summary of the amplitudes of evoked DA responses at the E1 location (average ± SEM) observed 4 h (pink)^[@ref43]^ and 24 h (orange) after probe implantation (a) before and (b) after administration of nomifensine. In the absence of nomifensine, DA was nondetectable (ND) near probes perfused with aCSF, so statistical analysis was confined to the results obtained after nomifensine administration (panel b). Statistical analysis was by two-way ANOVA with time (4, 24 h) and perfusion condition (aCSF, DEX) as factors. Time is not a significant factor (*F*(1,20) = 2.22, *p* \> 0.05). Perfusion condition is a significant factor (*F*(1,20) = 22.1, *p* \< 0.0005). The interaction between factors was not significant (*F*(1,20) = 0.046, *p* \> 0.05). Post hoc pairwise comparisons with Bonferroni correction show that DEX significantly increased the post-nomifensine responses at 4 and 24 h compared to those observed with aCSF (\*\**p* \< 0.005).](cn-2014-00257x_0005){#fig4}

Voltammetry at the Probe Outlet {#sec2.3}
-------------------------------

FSCV was performed at the outlet of microdialysis probes to quantify evoked responses in the dialysate stream ([Figure S3](#notes-3){ref-type="notes"}). The stimulus parameters were identical to those used to obtain Figures [1](#fig1){ref-type="fig"}--[4](#fig4){ref-type="fig"} (45 Hz, 300 μA, 25 s). The evoked responses are reported in Figure [5](#fig5){ref-type="fig"}, in which the time axes have been adjusted to account for the time needed for the dialysate to flow from the probe to the end of the outlet line: the transit time was confirmed by calibration and agreed with calculated values. The vertical axes in Figure [5](#fig5){ref-type="fig"} were obtained by postcalibration of the detection electrode in a flow cell apparatus without correction for probe recovery, so the vertical axes report dialysate, not in vivo, DA concentrations. The DA responses in Figure [5](#fig5){ref-type="fig"} exhibit some baseline drift: this is due to the electrode pretreatment strategy used to optimize the sensitivity of the electrodes (see [Methods](#sec4){ref-type="other"} and [Supporting Information](#notes-3){ref-type="notes"}).

![Effect of aCSF and DEX on the average (±SEM) evoked DA release measured at the probe outlet pre-nomifensine (red), after nomifensine (green), and after both nomifensine and raclopride (purple). Evoked release was measured (a, b) 4 h and (c, d) 24 h after probe implantation (*n* = 6 per group). A negative dopamine concentration means that the current dropped below the baseline current response as a result of the baseline drift from the electrochemical pretreatment of the carbon fiber (see [Methods](#sec4){ref-type="other"} and [Supporting Information](#notes-3){ref-type="notes"}).](cn-2014-00257x_0006){#fig5}

Evoked DA release was nondetectable at the outlet of probes perfused with aCSF or DEX for 4 or 24 h (Figure [5](#fig5){ref-type="fig"}, red lines). This is consistent with our prior experience that evoked DA responses at the probe outlet are below the detection limits of FSCV unless the DA uptake mechanism is inhibited.^[@ref64],[@ref74],[@ref75]^ This observation is consistent with the results of our measurements at the E1 location, described above. In the case of perfusion with aCSF, evoked responses are below FSCV detection limits next to the probe, which explains why no response was detected at the probe outlet. DEX significantly increased the response amplitude at the E1 location but evidently, not sufficiently enough to produce a detectable response at the probe outlet.

Evoked DA release was detected at the probe outlet following administration of the dopamine uptake inhibitor, nomifensine (20 mg/kg i.p., Figure [5](#fig5){ref-type="fig"}, green lines), consistent with the ability of nomifensine to increase evoked responses at the E1 location. In the case of probes perfused with aCSF, the post-nomifensine response was not stable: the response amplitude declined significantly between 4 and 24 h after implantation (Figure [6](#fig6){ref-type="fig"}, statistics reported in figure legend). No such instability was observed at the E1 location, which suggests that responses are affected more closer to the probe, as we have previously suggested.^[@ref57]^ DEX eliminated this instability: in the presence of DEX, there was no significant difference in the responses at the probe outlet at 4 and 24 h postimplantation (Figure [6](#fig6){ref-type="fig"}). Hence, we report here for the first time on DEX's ability to stabilize evoked responses at the probe outlet over the 4--24 h postimplantation interval.

![Average maximum evoked DA concentration (±SEM) observed at the outlet of microdialysis probes after nomifensine comparing 4 h (pink, *n* = 6) and 24 h (orange, *n* = 6) after probe implantation. In a two-way ANOVA time (4, 24 h), *F*(1,20) = 9.86, *p* \< 0.01, and treatment (aCSF, DEX), *F*(1,20) = 6.37, *p* \< 0.05, were significant effects on the DA concentration post-nomifensine. There was no significant interaction *F*(1,20) = 2.82, *p* \> 0.05. In a post hoc pairwise comparisons with Bonferroni corrections, there is a significant difference between aCSF at 4 and 24 h and between aCSF and DEX at 24 h. \**p* \< 0.01 and \*\**p* \< 0.005.](cn-2014-00257x_0007){#fig6}

The statistical analysis also shows there were no significant differences between the response amplitudes measured at the outlet of probes perfused with DEX and those perfused for 4 h with aCSF (Figure [6](#fig6){ref-type="fig"}). Thus, DEX stabilized, but does appear to have altered, the responses at the probe outlet.

Following the administration of nomifensine, rats received a single dose of the D2 DA receptor antagonist, raclopride (2 mg/kg i.p.), and a final evoked response was measured at the probe outlet (Figure [5](#fig5){ref-type="fig"}, purple lines). As expected,^[@ref58],[@ref66],[@ref72],[@ref76]^ the autoreceptor antagonist caused a further increase in the response amplitudes, as summarized in Figure [7](#fig7){ref-type="fig"}. Statistical analysis of Figure [7](#fig7){ref-type="fig"} was by a mixed-model three-way ANOVA of time (4 h, 24 h), perfusion medium (aCSF, DEX), and drug (nomifensine, raclopride, with repeated measure) as the main factors (details in the figure legend). The responses at the outlet of probes perfused with aCSF significantly diminished between 4 and 24 h postimplantation. There were no significant differences between the responses observed in the 4 h aCSF, 4 h DEX, and 24 h DEX cases: this shows that DEX stabilized but did not alter these responses. Raclopride significantly increased the evoked responses in the 4 h aCSF, 4 h DEX, and 24 h DEX cases but not in the 24 h aCSF case.

![Average maximum evoked DA concentration (±SEM) collected by the probe. A three-way ANOVA with repeated measures was completed comparing the effects of time (4, 24 h), treatment (aCSF, DEX), and drug (nomifensine, raclopride). As seen in the nomifensine data, time *F*(1,20) = 10.4, *p* \< 0.005; treatment *F*(1,20) = 7.52, *p* \< 0.05; and now the interaction between treatment and time *F*(1,20) = 8.47, *p* \< 0.01 are significant. The effect of drug (between nomifensine and raclopride) was significant *F*(1,20) = 74.7, *p* \< 0.00000005, and the interaction between time and treatment and drug was also significant *F*(1,20) = 14.5, *p* \< 0.05. A post hoc pairwise comparison with Bonferroni corrections shows a significant increase from nomifensine to raclopride in 3 of the 4 experiments. \**p* \< 0.005 and \*\**p* \< 0.000005.](cn-2014-00257x_0008){#fig7}

Thus, as judged on the basis of evoked responses measured at the outlet of microdialysis probes, DEX eliminated the instability in DA neurochemistry between 4 and 24 h post implantation in animals treated first with nomifensine and then with raclopride. Perfusion with aCSF for 24 h caused a loss in the significance of the effects of both nomifensine and raclopride combination. The loss in amplitude reported here is consistent with several prior reports of instability of DA following probe implantation.^[@ref37],[@ref53],[@ref54],[@ref74]^

Immunohistochemistry of the Probe Track {#sec2.4}
---------------------------------------

We performed histochemical analysis of striatal tissues using antibodies for two widely accepted markers of DA terminals, tyrosine hydroxylase (TH) and the DAT.^[@ref77]−[@ref79]^ Nonimplanted, control tissue (contralateral to microdialysis probes) exhibits punctate TH labeling (Figure [8](#fig8){ref-type="fig"} left). Punctate labeling is diminished in images of tissue near the tracks of probes perfused with aCSF, which also exhibit diffuse TH labeling (Figure [8](#fig8){ref-type="fig"} middle): control experiments did not reveal nonspecific binding, which indicates that the diffuse labeling is specific binding. The exact cause of the diffuse labeling is unknown at this time but represents disruption of the tissue adjacent to the probe. Punctate, but not diffuse, labeling is clearly visible in the image of tissue near the track of a probe perfused with DEX (Figure [8](#fig8){ref-type="fig"} right). These images support the conclusion that DEX protects DA terminals near microdialysis probes.

![High magnification images (60×) of punctate TH labeling in control tissue (left), tissue near the tracks of probes perfused for 24 h with aCSF (middle) and DEX (right). Punctate TH labeling is diminished near probes perfused with aCSF, and diffuse TH labeling is increased. Control experiments did not indicate nonspecific binding, so the diffuse labeling is presumed to derive from specific binding. Punctate labeling is evident in the DEX image, which does not exhibit diffuse TH labeling. The asterisk near the top of the middle and right-hand images marks a portion of the probe track.](cn-2014-00257x_0009){#fig8}

At lower magnification (Figure [9](#fig9){ref-type="fig"}), control tissue labeled for TH and DAT exhibited nonlabeled areas corresponding to myelinated axon bundles, which are also visible under differential interference contrast (DIC). The probe tracks are clearly visible (Figure [9](#fig9){ref-type="fig"}, middle and bottom rows). Some diffuse labeling around probes perfused with aCSF is evident in the TH image (Figure [9](#fig9){ref-type="fig"}, middle row): we have observed such binding before and consider it an edge effect.^[@ref43],[@ref80]^ Overall, TH and DAT labeling was clearly evident near the tracks of probes perfused both with and without DEX (quantification is discussed, below).

![Separate rows illustrate representative fluorescent images of striatal tissue with no probe, or after retrodialysis of aCSF, or DEX for 24 h. Separate columns provide tissue (from left to right) labeled with TH, DAT, their respective overlaid images, and corresponding DIC images. Scale bars are 200 μm.](cn-2014-00257x_0010){#fig9}

The intense TH labeling near probe tracks perfused with aCSF for 24 h stands in clear contrast to the absence of TH labeling that we observed 4 h after implantation.^[@ref43]^ The exact mechanism whereby this interesting rebound of TH labeling occurs is not yet known: possibilities, to be explored further in future studies, might include the synthesis of new TH protein by surviving DA terminals and/or the sprouting of new DA terminals.^[@ref81],[@ref82]^

The TH and DAT images were converted to 2D intensity scatter plots (Figure [10](#fig10){ref-type="fig"}a), from which we determined Pearson's correlation coefficient (PCC) and Manders' overlay coefficient (MOC) (see the [Supporting Information](#notes-3){ref-type="notes"} for explanations of these coefficients).^[@ref83]^ The correlation coefficients in images with and without probe tracks are indistinguishable for probes perfused with DEX (Figure [10](#fig10){ref-type="fig"}b). The correlation coefficients are only slightly reduced with aCSF compared to DEX, most likely due to the nonspecific edge effect.^[@ref84]^ Overall, the probes with DEX had no significant effect on the correlation of TH and DAT labeling in the nearby tissue (see Figure [10](#fig10){ref-type="fig"} legend). Regions of interest in the TH and DAT labeled images were defined to eliminate the probe track (for details, see [Supporting Information](#notes-3){ref-type="notes"} Figure S4). There were no significant differences in the quantitative TH and DAT labeling in nonimplanted control tissue and the regions of interest around the tracks of probes perfused for 24 h with either aCSF or DEX (Figure [10](#fig10){ref-type="fig"}c).

![(a) Scatter plot of TH and DAT intensities. (b) Correlation coefficients between TH and DAT pixels among the three groups (no probe, aCSF and DEX, *n* = 3 rats (total of 6 images per group)) for both Mander's overlay (black) and Pearson's correlation (green). A two-way ANOVA comparing the treatment (no probe, aCSF, and DEX) and analysis (Pearson's correlation and Mander's overlay) showed that there were significant differences in treatment *F*(2,28) = 14.2, *p* \< 0.0001, analysis *F*(1,28) = 29.7, *p* \< 0.00001, and the interaction treatment and analysis *F*(2,28) = 3.87, *p* \< 0.05. A post hoc Tukey test further showed aCSF correlation coefficients were significantly reduced compared to no probe (*p* \< 0.0005) and DEX (*p* \< 0.0001). A post hoc pairwise comparisons with Bonferroni corrections showed that Mander's overlay and Pearson's correlation differ from each other with no probes (*p* \< 0.05) and aCSF (*p* \< 0.00005). (c) Average fluorescent intensity for TH (red) and DAT (blue) for no probe, aCSF, and DEX (*n* = 3 rats (total of 6 images per group)). Fluorescent intensity ranges from 0 to 255 with 255 being the highest value. In a two-way ANOVA comparing treatment (no probe, aCSF, and DEX, *F*(2,30) = 0.97, *p* \> 0.05) and stain (TH and DAT, *F*(2,30) = 0.74, *p* \> 0.05), there were no significant differences in average fluorescent intensity.](cn-2014-00257x_0011){#fig10}

Overall, probe implantation had no significant effect on TH and DAT, two key markers for DA terminals. This supports our conclusion that DEX's effects on evoked responses are attributable to its previously documented anti-inflammatory actions,^[@ref41],[@ref43]^ as opposed to direct actions on DA terminals. Our prior studies show that DEX profoundly decreases ischemia, glial activation, and neuron loss in the tissues near microdialysis probes.^[@ref41],[@ref43]^ It appears that these actions are responsible for the effects of DEX on evoked DA responses next to and at the outlet of microdialysis probes over the 4--24 h postimplantation interval.

Evaluating the Tissue Penetration and the Physical Extent of DEX's Anti-Inflammatory Actions {#sec2.5}
--------------------------------------------------------------------------------------------

First, we used fluorescein-labeled DEX (DEX-FL) to assess how far DEX penetrates into the tissue near microdialysis probes. After 4 h of retrodialysis, DEX-FL penetrated only to 78.6 ± 46.1 μm from the probe track (Figure [11](#fig11){ref-type="fig"}). This result, however, might be affected by the detection limit of the fluorescence measurement and possibly by loss of soluble DEX-FL during tissue processing. So, second, we performed dual-probe microdialysis experiments (*n* = 3) with the probes implanted 2 mm apart. One probe was perfused with DEX for 24 h, and the other with aCSF. DEX abolished gliosis, as measured with GFAP, near the probe with DEX but not near the probe 2 mm away (Figure [12](#fig12){ref-type="fig"}). We therefore conclude that DEX does not penetrate deeply into brain tissue and that its actions are confined to within close proximity to the delivery probe.

![Images of the microdialysis probe track, from three different rats, after 4 h perfusion of DEX-FL. DEX-FL is delivered locally only to the tissue directly surrounding the probe.](cn-2014-00257x_0012){#fig11}

![Fluorescently labeled GFAP images (a) with and (b) without DEX. Retrodialysis was performed for 24 h in striatal tissue. The asterisks indicate the center of the probe tracks.](cn-2014-00257x_0013){#fig12}

Conclusions {#sec3}
===========

Our findings reiterate that tissue damage occurs when a microdialysis probe is implanted into brain tissue.^[@ref38]−[@ref44]^ The extent of damage is documented to be sufficient to cause time-dependent neurochemical and histological disruptions in the tissue next to the probes over the 4--24 h postimplant interval, a typical time frame for microdialysis studies.^[@ref2],[@ref23],[@ref25],[@ref33]^ Here, based on the properties of evoked DA responses measured next to and at the outlet of microdialysis probes and on histological findings, we have documented for the first time that DEX offers protective mitigation against such disruptions over the 4--24 h time interval following probe implantation. The actions of DEX reported here appear to derive from its previously documented anti-inflammatory actions,^[@ref41],[@ref43]^ rather than any direct neurochemical action on DA terminals per se. We have also documented here a surprising rebound of TH labeling in the tissue surrounding probe tracks by 24 h postimplantation: this might indicate the presence of surviving DA terminals, which justifies our efforts to protect and preserve their neurochemical activity. Finally, we document here for the first time that the actions of DEX are tightly confined to the immediate, local vicinity of the microdialysis probe used for delivery.

Methods {#sec4}
=======

The methods used during this study have been described previously.^[@ref40]−[@ref43],[@ref57],[@ref58],[@ref64]^ We provide key details here and full descriptions in the [Supporting Information](#notes-3){ref-type="notes"}.

Reagents and Solutions {#sec4.1}
----------------------

All solutions were prepared with ultrapure water (Nanopure, Barnstead, Dubuque, IA). All reagents were used as received from their suppliers. Artificial cerebrospinal fluid (aCSF: 142 mM NaCl, 1.2 mM CaCl~2~, 2.7 mM KCl, 1.0 mM MgCl~2~, 2.0 mM NaH~2~PO~4~, pH 7.4) was the perfusion fluid for microdialysis. DEX sodium phosphate (DEX, APP Pharmaceuticals LLC Schaumburg, IL) was diluted to 10 μM in aCSF. This dose was used as we have previously observed a dramatic reduction in tissue disruption at 10 μM DEX for 24 h.^[@ref41]^ DEX fluorescein (DEX-FL, Life Technologies Grand Island, NY) was diluted to 10 μM in aCSF. Nomifensine maleate and *S*(−)-raclopride (+)-tartrate salts (Sigma-Aldrich, St. Louis, MO) were dissolved in phosphate-buffered saline (PBS: 155 mM NaCl, 100 mM NaH~2~PO~4~, pH 7.40) and administered at 20 mg/kg (i.p.) and 2 mg/kg (i.p.), respectively. Isopropyl alcohol (Sigma-Aldrich, St. Louis, MO) and decolorizing carbon (Fisher, Pittsburgh, PA) were used to pretreat carbon fiber electrodes for DA voltammetry. DA (Sigma-Aldrich, St. Louis, MO) standards were prepared in N~2~-purged aCSF.

Microdialysis Probes {#sec4.2}
--------------------

Concentric microdialysis probes (300 μm diameter, 4 mm length) were constructed with hollow fiber membranes (13 kDa MWCO, Specta/Por RC, Spectrum Laboratories Inc., Ranco Dominguez, CA). The inlet tubing (PE, Becton Dickinson, Franklin Lakes, NJ) was connected to a 1 mL gastight syringe driven by a microliter syringe pump (Harvard Apparatus, Holliston, MA) at a rate of 0.610 μL/min. The outlet was a fused silica capillary (75 μM I.D., 150 μM O.D., 10 cm long; Polymicro Technologies, Phoenix, AZ). Probes were perfused with either aCSF or aCSF containing 10 μM DEX.

Microdialysis Probe Implantation {#sec4.3}
--------------------------------

All procedures involving animals were approved by the University of Pittsburgh's Animal Care and Use Committee. Male Sprague--Dawley rats (250--350 g; Hilltop, Scottsdale, PA) underwent sterile stereotaxic surgery under isoflurane anesthesia. The probes were lowered into the brain at 5 μm/s with an automated micropositioner (model 2660, David Kopf Instruments, Tujunga, CA) and secured to the skull with screws and acrylic cement. Following surgery, the rats were placed in a Raturn microdialysis bowl (MD-1404, BASI, West Lafayette, IN) and the probes were perfused with aCSF or DEX for 24 h.

Voltammetry Next to Microdialysis Probes {#sec4.4}
----------------------------------------

Voltammetry next to microdialysis probes was performed in two groups of rats (*n* = 6 rats per group). An additional control group (*n* = 5) underwent an initial surgical procedure without probe implantation (a sham control). Four-hour maximum dopamine amplitudes previously collected^[@ref43]^ were used for probe temporal comparisons (Figure [4](#fig4){ref-type="fig"}, 4 h results).

After spending 24 h in the Raturn bowl, the rats were anesthetized a second time and returned to the stereotaxic frame. A carbon fiber electrode (400 μm in length) was implanted in the same coronal plane as the probe. As before,^[@ref43]^ the electrode was aimed at an angle of 5° from vertical so that it could be placed very close to the probe. At its final location, the tip of the carbon fiber was 70 μm and the base of the fiber (where it meets the tip of the glass capillary) was 100 μm from the probe: we call this the E1 location ([Figure S1](#notes-3){ref-type="notes"}). A second carbon fiber was aimed vertically 1 mm posterior to and in the same sagittal plane as the probe: we call this the E2 location ([Figure S1](#notes-3){ref-type="notes"}). The relative position of the two carbon fibers to the probe is based on the adjustments made using stereotaxic micropostioners (10 μm) resolution.^[@ref43]^ The exact distance between the two electrodes and the probe cannot be determined accurately without an electrolytic lesion which would not allow postcalibration of the electrodes. Variations in the relative positions of the electrodes and probe contribute to the standard deviations of the results.

A stimulating electrode was lowered toward the MFB until evoked DA was detected at E2 (stimulus waveform: biphasic, square, constant current). The parameters for subsequent stimuli are listed in the [Results and Discussion](#sec2){ref-type="other"}.

Voltammetry at the Probe Outlet {#sec4.5}
-------------------------------

Voltammetry at the probe outlet was performed in a custom-made Plexiglas detection chamber ([Figure S3](#notes-3){ref-type="notes"}). A carbon fiber electrode (800 μm long) was inserted into the end of the capillary outlet line with a miniature micromanipulator (Fine Science Tools, Foster City, CA). As described previously,^[@ref64]^ the electrodes were electrochemically pretreated 10 min before each stimulus or calibration procedure.

Voltammetry at the outlet was performed in four groups of rats, 4 or 24 h (*n* = 6 per group) after probe implantation, with perfusion of aCSF or DEX. Animals in the 4 h group remained under isoflurane anesthesia throughout the experiment.

Tissue Immunohistochemistry {#sec4.6}
---------------------------

After the in vivo measurements, the rats were deeply anesthetized and the brain tissues were collected for immunohistochemical analysis.^[@ref40]^ Thin horizontal sections (35 μm) were cut in a cryostat at −21 to −22 °C and labeled together with antibody for tyrosine hydroxylase (TH; 1:1000, Millipore, Temecula, CA) and the DA transporter (DAT; 1:400, Synaptic Systems, Göttingen, Germany). The secondary antibody was goat anti-rabbit IgG-Cy3 or IgG-Cy5 (Invitrogen, Eugene, OR). In another group of rats, probes perfused with DEX-FL were implanted for 4 h. Tissue processing details can be found the [Supporting Information](#notes-3){ref-type="notes"}. In an additional group of rats, two probes were implanted 2 mm apart, one perfused with aCSF and the other perfused with DEX for 24 h. Tissue sections (30 μm) were then stained with antibodies for GFAP (BD Biosciences Pharmingen, San Diego, CA). Fluorescence and optical differential interference contrast (DIC) images were acquired with an Olympus BX61 microscope (Olympus; Melville, NY) equipped with a 20× objective. Nonimplanted tissue (from the hemisphere opposite the microdialysis probe) was used as control tissue. Quantitative image analysis was performed with NIS-Elements Advanced Research version 4.00 software (Nikon Instruments Inc., Melville, NY). See [Figure S5](#notes-3){ref-type="notes"} for further details.

Statistics {#sec4.7}
----------

IBM Statistical Package for the Social Sciences (SPSS) 22 software was used for all statistical analysis.

Additional information as noted in text. The Supporting Information methods section expands on experimental details mentioned in the text including fast scan cyclic voltammetry procedures, animal and surgical procedures and immunohistochemistry and tissue processing details. Figure S1 is a schematic of device placement for voltammetry near microdialysis probes. Figure S2 compares the maximum average evoked dopamine after rats underwent one or two surgeries. Figure S3 is a schematic for voltammetry at the microdialysis probe outlet. Figure S4 represents an example of the thresholding process by NIS Element Advanced Research software. Figure S5 illustrates the labeling scheme of striatal tissue with TH and DAT stains. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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DA

:   dopamine

DEX

:   dexamethasone

XJB

:   XJB-5-131

MFB

:   medial forebrain bundle

FSCV

:   fast-scan cyclic voltammetry

aCSF

:   artificial cerebrospinal fluid

TH

:   tyrosine hydroxylase

DAT

:   dopamine transporter

DIC

:   differential interference contrast

PCC

:   Pearson's correlation coefficient

MOC

:   Manders' overlay coefficient

DEX-FL

:   dexamethasone fluorescein

GFAP

:   glial fibrillary acidic protein
